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1. Data Overview

This manuscript collates a large range of both new and published proxy records, including of ocean
temperature, carbonate preservation and '®’Os/'®0s. Plotted records of carbonate preservation are:

* Published weight percent (wt. %) CaCO; data from ODP 690[1-3] and IODP U1403[4].

* New records of planktic foraminiferal fragmentation from ODP Sites 1209 and 1267, and published
planktic foraminiferal fragmentation records from DSDP 527[5], DSDP 528[6], DSDP 577[6], and
ODP 1209[7].

* Published records of planktic foraminifera per gram from DSDP Site 577[8].

* New records of wt. % coarse fraction from IODP U1403 (> 38 ym) and ODP 1267 (> 63 ym), with
published records from DSDP 577[9], ODP 1209[10], ODP 1262[10].

Temperature records are all published 5'%0 data, from ODP 1209[11], DSDP 525[12], DSDP 528[13]
and ODP 690[14]. "*0s/'®**0Os data are from [2].

2. Age Models
2a. Age Models: ODP Sites 1267 & 1209

New foraminiferal fragmentation counts were collected on 132 samples (80 at ODP 1209, 52 at ODP
1267; Table S2-S3). The two sites, ODP Site 1267 (28.098° S, 1.711° E, Walvis Ridge, South-East
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Atlantic) and ODP Site 1209 (32.652° N, 158.506° E, Shatsky Rise, North-West Pacific) are the best-
studied K-Pg locations in scientific drilling due to the recovery of well-preserved, complete
boundaries[15,16] and the subsequent development of cyclostratigraphic age models[11,17-19]. The
K-Pg boundary interval at both sites comprises calcareous nannofossil carbonate oozes, with a higher
wt. % CaCOj; at Site 1209 as compared to Site 1267 during this interval (typically > 96 % versus the
more variable 55 - 95 %). Sediment samples from Site 1267 ranged in colour from red to clay-brown
while at Site 1209 samples were whiter in colour[15,16].

The most recent cyclostratigraphic age models for Walvis Ridge, and other K-Pg sites, is from
Westerhold et al.[19]. In Westerhold et al.[19], only Walvis Ridge Site 1262 was tuned, and not our
focal site, Site 1267. In order to use the most recent age model from Westerhold et al.[19] (Age
Option 3, allowing for best agreement with GTS2012[20]), previously published tie-points between
Site 1262 and Site 1267 (Tables S5 and S6, Westerhold et al.[18]) were used to transfer the more
recent age model to Site 1267 via linear interpolation. The age assigned to the onset of C29r using
these translated astronomical data is 66.405 Ma: in good agreement with the date of 66.398 Ma from
GTS2012[20]. A similar procedure was used to translate the dated age points from Site 1262[19] to
ODP Site 1209 using the tie points from Westerhold et al.[18] According to these age models, our
sampling spans 607 kyr at ODP 1267 (~11 kyr resolution) and 428 kyr at ODP 1209 (~ 5kyr
resolution).

2b. Age Models: Previously published data

a) ODP Site 1209 (32° 39.10'N, 158° 30.36'E, Shatsky Rise, Pacific[16]). Temperatures, as
derived from benthic foraminiferal 5'°0, are replotted from Westerhold et al.[11] in Fig 1b, with an
age model constructed as in Section 1a above. Wt. % Sand Fraction from the same study is
plotted in Fig. 2, Panel a.

b) ODP Site 690 (65°9.629'S, 1°12.296’E, Maud Rise, Southern Ocean[21]). At this site we
combine existing records of Os isotopes from Robinson et al.[2] (Fig. 1a), temperature (derived
from bulk 5'°0 from Stott and Kennett[14] using Erez and Luz[22] for consistency with ref. [[11]];
Fig. 1b) and wt. % CaCO;from Ehrendorfer[1], Robinson et al.[2], and O’Connell[3] (Fig 1c). A
unified age model for these data was constructed based on interpolation between documented
magnetochron boundaries[23] (assigning absolute chron boundary ages according to
GTS2012[20]) and the position of the K-Pg Ir spike[24].

c) DSDP Site 577 (32°26.51°’N, 157°43.40’E, Shatsky Rise, Pacific[25]). Four existing records
were used from DSDP Site 577. Wt. % CaCO; , Wt. % Sand Fraction and foraminiferal
fragmentation data (Fig. 2) are from Zachos et al.[9,26] and D’Hondt[6]. Counts of planktic
foraminiferal abundance (Fig. 1h) are from Gerstel et al.[8]. Os isotope data are from Robinson et
al.[2] and references therein (Fig. 1a). The age models for these data (Fig. 1-2) use the revised
composite depth scale of Dickens and Backman.[27]. For consistency with other sites, we derive
absolute ages from documented magnetochron boundaries[28] and the position of the K-Pg
boundary[25] (dated as per GTS2012[20]). Note that for DSDP 577*, used in ref.[[8]], there is no
magnetochron boundary or nannofossil FAD below the C29r/C30n boundary: drilling ceased
within the M. murus biozone (in Chron 30n). In the absence of better age constraints, in Fig. 1h
we extend the sedimentation rate from between the K-Pg and the C29r/C30n reversal through
Chron 30n. In recognition of this poor age constraint, we denote data with extrapolated ages with
a dashed line, and suggest that the apparent mismatch between the onset of dissolution at this
site compared to both nearby Site 1209 and elsewhere, may be the result of poor temporal
constraints during Chron 30n at DSDP Site 577*.

d) DSDP Site 525 (29°04.24'S, 02°59.12'E, Walvis Ridge, South Atlantic[25]). Os isotope data
from Robinson et al.[2] (Fig. 1a) and temperatures from Li and Keller[12] are re-assigned ages
according to GTS2012 dates[20] for the K-Pg, C30n/C29r, and C30r/C30n boundaries[from 29].
Temperature for DSDP 525 is derived from benthic foraminiferal 5'%0 using Erez and Luz[22] for
consistency with ref. [[11]] (Fig1b). However, note that we propose that the placement of the
C30n/C29r boundary at DSDP 525[29] may be incorrect (as discussed in Section 4).

e) DSDP Site 527 (28°02.49'S, 01°45.80'E, Walvis Ridge, South Atlantic[25]) Foraminiferal
fragmentation and wt. % CaCO; data (Figs. 1 & 2) are taken from Kucera et al.[5] The age model
for this site is constructed based on documented magnetochron boundaries[29] and the position
of the K-Pg boundary (dated as per GTS2012[20]).

f) DSDP Site 528 (28°31.49'S, 02°19.44'E, Walvis Ridge, South Atlantic[25]). Foraminiferal
fragmentation and wt. % CaCOj; data are taken from D’Hondt[6]. Temperature for DSDP 528 is

© The Authors under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/3.0/, which 2
permits unrestricted use, provided the original author and source are credited.



Supplementary material for Henehan et al., 2016, Biogeochemical significance of Ecosystem
Function: An end-Cretaceous Case Study, Phil. Trans. R. Soc. B. doi: 10.1098/rstb.xxxx.xxxx

derived from D’Hondt and Lindiger[13] using Erez and Luz[22] for consistency with ref. [[11]]
(Fig1b). The age model for this site is constructed based on documented magnetochron
boundaries[29] and the position of the K-Pg boundary (dated as per GTS2012[20]).

g) ODP Site 1262. Percent sand fraction data are from Mastersizer analyses in Hull et al.[10], with
age model updated to that of Westerhold et al.[19] (see also section 2a).

h) Bottacione Gorge (43°21.77'N, 12° 34.96’E, Tethys[30]). Os isotope data from Robinson et
al.[2] (Fig. 1a) are re-assigned ages according to GTS2012[20] dates for the K-Pg, C30n/C29r,
and C30r/C30n boundaries from ref.[[31]], as cited in ref.[[2]].

i) 1ODP Site U1403 (39°56.60'N, 51°48.20'W, North Atlantic[4]). Preliminary shipboard CaCO;
measurements are dated according to the average depths of nannofossil first appearance
datums (FADs) for M. prinsii and M. murus[4]. Although the date assigned as FAD for M. prinsii is
67.3 Ma (following GTS2012[20]), we note that the appearance of this taxa is probably
diachronous[32], with the lowest occurrence of M. prinsii at open ocean sites almost always
occurring just above the onset of magnetochron C29r (e.g. at Sites 356, 384, 516, 525, 527, 548,
1262 in the Atlantic Ocean, and Sites 465 and 577 in the Pacific Ocean[15,32,33]). Therefore we
use Henriksson’s[32] North Atlantic FAD for M. prinsii of 0.22 Ma before the K-Pg boundary.

3. Preservational indicators

Here we use a number of different preservational indices to detect changes in deep ocean
carbonate saturation, according to data availability and suitability. Each measure has associated
strengths and weaknesses, which we detail here.

Planktic Foraminiferal Fragmentation: The degree of fragmentation of foraminiferal tests has long
been used as an indicator of carbonate saturation state[e.g. 34,35-38]. Compared to other indicators,
such as wt. % CaCOs;, or wt. % Coarse Fraction, it has the benefit of being independent of changes in
productivity or export of nannoplankton and foraminifera, or changes in terrestrial input. Also, at sites
where there is very little delivery of terrigenous material or silica to the seafloor (e.g. Shatsky Rise),
only severe changes in carbonate preservation are likely to significantly alter the wt. % CaCOQOs;, as
virtually all of the sediment is CaCO3;. Moderate changes in carbonate preservation at such sites
might still, however, have a noticeable effect on i) the ratio of micro to nanno-fossils due to their
relative corrosion resistance, and ii) on the ratio of intact to fragmented foraminiferal tests. In this
way, changes in planktic foraminiferal fragmentation resolve finer-scale changes in ocean saturation
at sites like Shatsky Rise, and therefore may often prove most adept at detecting past events (as is
shown during the PETM[39]). One drawback of the proxy, however, is that at shallower depths
(<~500m), fragmentation may be only loosely correlated with ocean saturation state (as is the case in
the modern ocean; see Fig. S$1), with delivery of organic matter and strength of local currents often
exerting an important influencele.g. 40,41]. Also, methods used for classifying and counting
fragments vary[36,42], which can result in offsets in absolute values between datasets, even if slopes
of fragmentation change vs. saturation in different studies may be strikingly similar (Fig. S1). It is for
this reason that we make no attempt to normalise each study’s fragmentation count data in Fig. 1 to
make metrics consistent across sites. Here, to avoid subjectivity over what constitutes a foraminiferal
‘fragment’, from whence much of the inconsistencies between datasets probably arises, we count the
relative abundance of ‘complete’ tests for the two new datasets from ODP Sites 1209 and 1267 (i.e.
whole tests that have no detectable signs of any breakage or dissolution of chambers). Samples
(>125 um size fraction) were split repeatedly to obtain a small but statistically representative sample
size (200 - 400 tests) for counting. Samples from Site U1403 were lacking in Maastrichtian planktic
foraminifera, as a result of near-complete dissolution of planktonic foraminifera, so no fragmentation
counts were possible. Representative samples were imaged as per ref. [[43]], and are shown in Fig.
S2 instead.

Weight Percent (wt. %) CaCOj;: Where no data for planktic foraminiferal fragmentation were available,
we compiled existing wt. % CaCOj; or wt. % coarse fraction when available. Although in most
circumstances this metric should reflect the degree of dissolution of carbonates at the seafloor[39,44],
it is also sensitive to changes in terrestrial input and export fluxes[39], and may also be complicated
by micrite recrystallization and secondary calcite growth within sediments[e.g. 8]. In addition, the
relative abundance of foraminifera compared to coccolithophores can affect the use of wt. % CaCO;
as a proxy to discern changes in deep ocean saturation. Because coccoliths are more resistant to
dissolution than planktic foraminifera[e.g. 45], a site with very low foraminiferal abundance relative to
coccoliths may require a larger change in saturation state to discernibly change wt. % CaCOs;.

© The Authors under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/3.0/, which 3
permits unrestricted use, provided the original author and source are credited.



Supplementary material for Henehan et al., 2016, Biogeochemical significance of Ecosystem
Function: An end-Cretaceous Case Study, Phil. Trans. R. Soc. B. doi: 10.1098/rstb.xxxx.xxxx

Therefore for sites like Shatsky Rise, foraminiferal fragmentation may be a more sensitive indicator,
able to pick up more minor changes in carbonate saturation state.

Weight Percent Coarse Fraction/Planktic foraminifera per cm®. Similarly, wt. % coarse fraction has
been used to indicate preservation[e.g. 46], due to preferential dissolution of foraminifera over
nannofossils[e.g. 45], but as with wt. % CaCO; it is does not always only reflect preservation[39], and
can reflect changes in delivery of fine material, independent of saturation state. In the case of the K-
Pg boundary, it is likely that the signal is primarily a manifestation of the collapse of the
nannoplankton export and production[e.g. 6] and increased foraminiferal production[47], but that
enhanced saturation state would have also played a role. Note that similarly high relative abundance
of wt. % coarse fraction after the K-Pg is also observed at DSDP Site 47.2[48], but is not plotted here
due to relatively poor age constraints. At DSDP 577*, the number of planktic foraminifera per cm’ is
used as a metric for dissolution[8] prior to the K-Pg (Fig. 1h), which, as with wt. % coarse fraction, is
built upon the preferential dissolution of planktic foraminifera relative to benthic foraminifera and
coccoliths.
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Figure $S1: A compilation of published foraminiferal fragmentation counts in core-top
sediments[36,40,41,46-58] is plotted against carbonate saturation state, as calculated viafrefs. 569,60].
While there is considerable scatter in these records (likely in part due to methodological differences),

there is good agreement in slopes of Q-Fragmentation curves within the foraminiferal lysocline (Q <~1).
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Figure S2: A comparison of typical foraminiferal preservation across the K-Pg boundary at IODP
Site U1403. In the upper Maastrichtian sample (left), planktic foraminifera are not found, with only
(often fragmented) benthic foraminifera preserved. In the Danian, however, planktic foraminifera are
abundant, with even small foraminifera like those shown here (right) largely intact.
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Figure S3: Abundances of dissolution-susceptible coccolithophores reproduced from
Ehrendorfer[1], adjusted to the GTS2012 timescale[20]. Decreases in abundance appear to
coincide with dissolution pulses seen elsewhere (Fig. 1), and may add further evidence for
lysocline shoaling in the Maastrichtian
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Dissolution-susceptible coccolithophores: Amongst the nannofossils, not all species are equally
dissolution prone: Theirstein[49] ranked species of Maastrichtian and Danian coccolithophores in
order of dissolution susceptibility, based on acidification experiments. As a result, it is possible to
draw some qualitative insight into carbonate saturation state based on preferential preservation of
dissolution resistant coccoliths, providing there are no ecological range shifts at play. One such study
is that of Ehrendorfer[1], which yielded a pattern of reduced relative abundance of dissolution prone
coccoliths after the onset of C29r. Here we plot these data with an updated age model for consistency
(Fig. S3). These data suggest similar patterns of lysocline shoaling following the onset of Deccan
volcanism. Many of the species of coccoliths that are dominant in early Palaeocene sediments are
highly dissolution prone: species such as Crucioplacolithus primus (by far the most dissolution
susceptible of all Danian coccoliths tested) and Zygodiscus sigmoides. That these are so abundant in
Danian deep sea sediments[50] may add further support to the idea that the ocean’s carbonate
saturation state was elevated in the early Danian.

4. DSDP Site 525

In Fig. 1f fragmentation counts from DSDP Site 527[5] are plotted. However, Kucera et al.[5]
also provided records from nearby site DSDP 525 and from DSDP Site 516 (Rio Grande Rise). We do
not consider their record of fragmentation from DSDP 516 here, as the authors suggest the site is so
far below the regional lysocline as to be uninformative. Both DSDP Site 527 and DSDP Site 525 show
considerable variation in foraminiferal fragmentation (Fig. S4). The difference in the relative timing of
increased fragmentation (roughly 100 kyr) between sites 525 and 527 was originally interpreted as
reflecting regional currents[5]. However, here we suggest that the placement of the C30n/C29r
boundary[29] used to construct the original age model for DSDP Site 525 may have been incorrect,
and that these drops in fragmentation are in fact synchronous. There are several lines of evidence to
support this assertion, besides the similarity in foraminiferal fragmentation patterns. Firstly, Os isotope
ratios begin to trend towards lower values at Site 525 during Chron 30n, well before other sites with
measured osmium isotopes. The short residence of Os in oceans (10-40kyr)[51] suggests Os
isotopes should be uniform throughout the ocean, as is supported by synchronous declines in osmium
isotopes at the C29r/C30n boundary at other geographically-disparate sites in the Tethys, Weddell
Sea, and Pacific[2]. While it remains possible that there is some source of local heterogeneity in
marine Os reservoir[2], a mis-assigned Chron boundary is perhaps more straightforward explanation
for this phenomenon. Secondly, over this interval there is some evidence for reducing conditions
within sediments, including green hue from ferrous iron and unusual concentrations of Re (G.
Ravizza, pers. comm.), which could easily have contributed to spurious magnetochron
assignments[52]. Finally, the diachronous first appearances of Micula murus across nearby DSDP
Leg 86 Sites[53] could also result, at least in part, from compromised magnetostratigraphic dating
rather than true diachroneity.
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Fig S4: Records of fragmentation at DSDP Site 525 from Kucera et al. ° show an increase in
foraminiferal fragmentation around the time of other preservation signals. However, we note that
the records appear offset from those at nearby DSDP 527, which we suggest is the result of
incorrect placement of the onset of C29r in this core. Tentative tie points in the two
fragmentation records are suggested as grey arrows.
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5. LOSCAR
5a. Configurations and boundary conditions

Here we detail the modifications made to the ‘PALEO’ configuration of the geochemical box
model LOSCAR (Long-term Ocean Sediment Carbon Reservoir)[54,55] version 2.0.4, in order to
evaluate the impacts of volcanic degassing and calcifier extinction on the global carbon cycle

In calculations of carbonate chemistry in ancient seawater, concentrations of Ca®* and Mg

can have significant effects, due to ion pairing effects on equilibrium constants[56]. This is particularly
true for the dissociation constants of carbonic acid and the solublllty constants for calcite and
aragonite. End-Cretaceous seawater likely had a much higher [Ca "] (~42 mmol/kg) and lower [Mg 1
(~20 mmol/kg) [e.g. 57] than modern seawater ([Ca2+]= 10.3 mmol/kg; [Mg2+] = 52.8 mmol/kg). The
equilibrium constants in LOSCAR must be corrected to account for this difference, in order to produce
realistic carbonate chemistry calculations. Like most reconstructlons of deep-time carbonate
chemistry, LOSCAR v.2.0.4 uses the [Ca2+] and [Mg i correctlon factors of Ben-Yaakov &
Goldhaber[56], which are likely suitable for smaller deviations of [Ca*"] and [Mg *] from modern (e.g.
the Eocene) but that are likely to prove inaccurate under much more divergent Cretaceous
conditions[58]. Indeed, we found LOSCAR produced an unusual steady-state carbonate system
configuration for Cretaceous conditions using this standard Mg and Ca corrections- namely, very low
seawater DIC and alkalinity at steady state. Unlike previous methods which apply corrections to
modern stoichiometric equilibrium constants, MyAMI builds thermodynamic equilibrium constants
accounting for the activities of all ions in solution using the larger and more up-to-date MIAMI
database[59]. We therefore reconfigured LOSCAR to perform carbonate chemistry calculatlons usrng
the equilibrium constants provided by MyAMI[58] assuming [Ca ] = 42 mmol/kg and [Mg =
mmol/kg. This configuration produced equilibrium DIC and alkalinity values closer to modern
conditions, in agreement with predrctrons[GO] Whrle we acknowledge there is a degree of uncertainty
on these reconstructed values of [Ca " and [Mg "], the effect of a few mmol difference in either
parameter has no substantial influence on the conclusions drawn. In addition to adjusting equilibrium
constants, we modelled at higher depth resolution (one sediment level every 100m, rather than the
standard 500m) to better resolve deep-water carbonate dissolution and compensation depth.

On timescales suggested for total Deccan emplacement (100s of kyr[2,61,62, and references
therein]) the weathering of silicate rocks (and subsequent carbonate burial) is the most important
feedback for restoring equilibrium and drawing down CO,, following a perturbation to the carbon cycle.
During Deccan volcanism silicate weathering is estimated to have been quite high due to the
presence of large expanses of exposed Deccan basalt at low latitudes[63]. The silicate weathering
feedback is parameterized in LOSCAR as

Fei = Feq_si * ([CO2lam / [CO2leq)"™

where Fg¢q and [CO,]eq are equilibrium weathering flux and atmospheric pCO; at which volcanic carbon
emissions are perfectly balanced by silicate weathering and subsequent carbonate burial. The
exponent Ng; is a free parameter in the model that sets the strength of the silicate weathering
feedbacks (default Ng; = 0.2, N¢. = 0.4). Uchikawa and Zeebe[64] studied behaviour of LOSCAR using
a range of Ng; values; for runs plotted in Fig. 3 we use the highest weathering feedback strength
considered by that study (Ng, = 0.6), on the basis that the abundance of freshly-exposed basalts at the
equator during Deccan trap emplacement would have been readily weathered[65]. Lower values of
Nsi (0.05-0.4) less easily reproduced the temporal trajectory of the warming event in the latest
Maastrichtian.

SO, degassing from LIP volcanism is thought to be converted to sulphuric acid (H,SO,)
before being rained out onto the Earth s surface. The portion falling on the ocean would have rapidly
dissociated to sulphate anion (SO,*). This addition of an anionic salt reduces the negative charge
deficit of the conservative salts, i.e. total alkalinity (TA). Since neither sulphur nor sulphate is explicitly
modelled as a tracer in LOSCAR, we simulate the acidification of the oceans through sulphate
addition by prescribing an equivalent reduction (2 mol for every mol S, as sulphate is a doubly
charged anion) in total alkalinity (which is a tracer in LOSCAR). This TA reduction is applied to the
surface ocean reservoirs only, but is subsequently mixed throughout the ocean due to vertical mixing
and thermohaline circulation. A similar approach was taken by Tyrrell et al.[66] when modelling the
influx of bolide-derived SO, release at the K-Pg boundary.

8b. Deccan Trap simulations: Fluxes and Timescales
The onset of large scale flood basalt volcanism (the Deccan LIP) is thought to have released
4,000 - 9,500 gigatonnes of carbon (Gt C), with associated SO, release[67], thereby far exceeding
total anthropogenic CO, emissions to date[68] but on the low end of potential fossil fuel resources
(~8,500-13,600 GtC[69]). Unlike the ongoing anthropogenic experiment, however, cumulative Deccan
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emissions were spread over a relatively long (>~100 kyr) timescale [62,67]. For simulations of Deccan
degassing plotted in Fig. 3 of the main text, minimum and maximum emission scenarios (total CO, =
4,090 or 9,500 Gt C, total SO, = 3,200 or 8,500 Gt S[67]) were partitioned into two discrete pulses, in
accordance with the proposed second and third stages of volcanism from Chenet et al.[61], and the
eruptive volumes of Self et al.[70]: 86.5% of degassing over a ~140kyr interval beginning at the
C30n/C29r reversal (corresponding to decreasing ' Os/'®0s[2]), and the second 13.5% at the end of
C29r in the Danian. Most other estimates of CO, release for the Deccan Traps[71-74] are within the
range of emissions assumed here[67]. COz-only and SO,-only simulations were also carried out to
more clearly distinguish the effects of both drivers. SO, release acts to acidify the ocean, causing a
reduction in surface (Fig. 85) and deepwater (Fig. 3b) saturation state, surface pH (Fig. S5) and a
release of CO, from the surface ocean (Fig. 3a) by altering the speciation of DIC. LOSCAR
simulations of SO, release differ from CO, release scenarios by prompting a less pronounced
‘carbonate overshoot’ (see Section 6¢) following acidification (Fig. 3b). In this way emission scenarios
of a high-end SO, release but low-end CO, might better explain the lack of any increase in carbonate
saturation indicated in sedimentary records (Fig. 1), but to achieve a warming of 2-3 °C such low end
CO, release would necessitate either an unlikely end-Cretaceous climate sensitivity (~9 “C/CO,
doubling), or equally unlikely low starting pCO, (~200 ppmv). Moreover, these scenarios do not
consider the potential for antagonistic global cooling effects (although shorter-term) from SO,
aerosols, if the pahoehoe-type basaltic Deccan eruptions somehow reached the stratosphere[72,75],
which could exacerbate this dilemma. Therefore our model results favour high levels of CO, release
accompanying SO, release. We note that the maximum SO, and CO, emissions scenario shown in
Fig. 3 produces similar patterns in atmospheric pCO;, change to those estimated from palaeosol
carbonates[76]. However, an outstanding issue is the mismatch between modelled patterns of
sediment dissolution and our sedimentary records, with sediments suggesting much longer
timescales of dissolution than models predict, which we discuss in Section 6c.
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Fig S5: Surface ocean calcite saturation state and pH changes in response to LOSCAR simulations
illustrated in Fig. 3. As is clear, very little reduction in surface ocean saturation state is predicted via
even maximum Deccan emissions scenarios, in spite of large pH changes. However very large
changes in both pH and saturation state are predicted in the face of removal of pelagic CaCOj;
producers at the K-Pg boundary.
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The issue of rate of volcanic degassing is also critical. As shown in Fig. S6, erupting the
maximum estimates of SO, and CO, release over timescales of < 100 kyr causes much more
pronounced initial carbonate dissolution (and so would at first glance seem more compatible with
observed carbonate dissolution). However, such rapid CO, rise would require unusually low climate
sensitivity to be compatible with only a 2 - 3°C temperature rise. Moreover, these short timescales
would still struggle to sustain dissolution (and to a lesser extent warming) for long enough to be

compatible W|th observations from sediments over the last few hundred kyr of the Maastrichtian (Fig.

1). Finally, 5'%0 records (where data are high enough resolution; e.g. ODP Site 1209[11], and DSDP
Site 525[12]) do not show the pronounced ‘sawtooth’ trajectory one would expect from an eruptive
timescale of <100 kyr. Conversely, with eruptive scenarios of > 300 kyr, even with high-end
weathering feedbacks used here (Ng; = 0.6), it is difficult to reproduce the necessary drawdown of
CO, before the K-Pg boundary implied by return to pre-event temperatures (Blg 1). Therefore a
timescale of ~140 kyr, as also implied by the window of declining '*’0s/'®®*0s[2], seems most
consistent with proxy observations.
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Fig. S6: Demonstration of different climate and carbonate-system responses to Deccan degassing
according to the timescales of eruption. Note in these simulations the maximum total CO, and SO,
emissions from Chenet et al.”? are assumed (9,500 Gt C with 8,500 Gt S).

Recent palaesomagnetic work[67] has highlighted that within a broader window for the Phase
Il of Deccan emplacement, single eruptive events (SEEs) would have likely taken place on much
shorter timescales, with hiatuses in between. To test whether more ‘pulsed’ patterns of emplacement
substantially change the modeling conclusions drawn here, we divided the main eruptive pulse into 30
SEEs of 1kyr, distributed evenly over a 140 kyr timescale. While clearly the resultant simulation
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results are spikier in trajectory, the resultant pCO, and ocean carbonate system changes after 140 kyr
are unchanged (Fig. S7), and therefore our conclusions remain.

We note also that some of these records (the Southern Ocean and North Pacific sites in
particular) suggest a possible second, shorter dissolution event somewhere between 100 and 160kyr
before the K-Pg boundary (Fig. 1). A possible second pulse of Deccan perturbation has also recently
been suggested in Tethyan sections by Thibault et al.[77]. It is possible that there is a second, true
decline in terrestrially-derived Os isotopes that is not discernible in deep sea records due to
overprinting from downcore leaching of extra-terrestrial Os[78]. Alternatively, if oceanic Os isotope
change was driven more by fresh basalts obscuring a radiogenic craton source rock[79], as opposed
to release of unradiogenic Os from fresh basalts[78,80], subsequent extrusions layering on top of
existing basalts may not change Os isotope fluxes. That said, increase in sedimentary [Os] during the
interval of decreasing '®’Os/'**0s[2], and the unradiogenic '*’Os/"®®0s of Deccan source rocks[81]
seem to implicate an influx of Deccan-sourced Os at this time rather than basalts merely obscuring a
radiogenic Os source. In this case, one might expect continued evolution of seawater '®’0s/®®0s with
each addition of basalt (and hence Os). The evidence for a second dissolution event in our records is
still equivocal and not consistent between sites, not least because distinguishing separate pulses of
this resolution in the deep sea record becomes age-model dependent. Moreover, we note there is
litle suggestion of two separate warming events in records of 5'%0 (Fig. 1). Therefore, while we
acknowledge this as a possibility, we refrain from distinguishing two pre-K-Pg pulses of emplacement
here, pending further investigations. Some ‘three pulse’ scenarios were tested over the course of this
study, and results are given in Supplementary Table 2.

30 x Tkyr pulse examples
Max. SO,

Max. SO,+ CO,
Constant release

equivalent

-500,000 -400,000 -300,000 -200,000 -100,000 K-Pg 100,000 200,000
Age (yr relative to K-Pg)

Fig. S7: To account for the likelihood of multiple brief single eruptive events (SEEs) within the second
phase of Deccan emplacement72, eruptive scenarios were broken into 30 x 1kyr episodes, evenly
spaced within a 140kyr window. While these runs are more irregular, there is little evidence in terms
of long term trends between these runs (in colour, representative examples given here) and
corresponding constant-release scenarios (black lines). Although SEEs were in reality unlikely to be
evenly spaced in time, this would likely serve only to increase the irregularity of the trajectory, and
would not dramatically change the overall effects of Deccan eruption.

Finally, it has also been suggested that fluxes of CO, from Deccan emplacement may have
been accentuated through contact metamorphism of hydrocarbon-rich sediments[82]. While we
cannot rule this out, minimal changes in marine 5"°C records during the Maastrichtian portion of
magnetochron C29r suggests this is unlikely to have played any role here, and as such we do not
attempt to simulate this.

5c. Deccan Trap simulations: Extending dissolution and avoiding carbonate overshoot

There are two striking mismatches between modelled scenarios presented here (Fig. 3) and
the sedimentary record (Fig. 1). Firstly, the timescales of dissolution suggested by deep ocean
saturation decrease in LOSCAR are far shorter than the timescales for preservation change that are
seen in sediments. Secondly, LOSCAR consistently suggests that the dominant signal of Deccan
emplacement would be a rise in oceanic carbonate saturation due to silicate weathering feedbacks.
Only one record, to our knowledge, could support a deepening of the CCD in response to Deccan
degassing: that of the Ontong-Java plateau (ODP Site 803), where enhanced preservation at the K-
Pg boundary was interpreted as beginning in the M. prinsii zone in the uppermost Maastrichtian[83].
This is an intriguing possibility, but in the absence of any signal of enhanced preservation in records
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from elsewhere, remains an open question. Therefore both the extended dissolution and lack of
obvious carbonate overshoot may invoke the existence some compensating feedback.

One proposed effect of LIP volcanism is an increased supply of P to the oceans, stimulating
productivity®®[84]. Such an increase in primary productivity could act to negate at least some of the
weathering-induced lysocline deepening, and perhaps extend dissolution intervals. However, we note
that there is little evidence for enhanced productivity and export in the aftermath of Deccan volcanism
in either benthic 5'°C[11,12,85], C.y accumulation[85], or biogenic barium accumulation[47].
Nannofossil taxa at this this time have in fact been interpreted as indicating increased
oligotrophy[53,86], while there seems little in benthic foraminiferal assemblages to suggest an
increase supply of food[e.g. 87,88].

An alternative mechanism, then, to enhance dissolution and avoid carbonate overshoot
without substantial change in 613CD.C is to change the rain ratio of CaCO;:Coy during Deccan
warming. In the modern ocean, oligotrophy favours coccolithophore production over siliceous and
organic-walled primary producers[e.g. 89]. If Deccan warming resulted in enhanced stratification and
more oligotrophic oceans, as has been suggested[e.g. 90,86,53], it is likely that CaCOj3 production
and export rose. An increase in CaCO3:Cq ratio of 30% during warming succeeds in extending the
timescales of deep ocean dissolution to approximate agreement with sedimentary records, amplifying
atmospheric CO; rise, and in dampening subsequent carbonate saturation increase (Fig. S$8). This
places further emphasis on the importance of accounting for biotic feedbacks when considering the
ocean’s response to greenhouse gas forcings, both for past events and future projections.

Another means of reducing deep sea carbonate saturation without substantial change in
5"°Cpic is through an increase in CaCOs deposition on shelves, as has been suggested for the
MECO[91]. Certainly, there is potential for large-scale ocean saturation changes from even a ~ 20%
shift in carbonate burial from deep ocean to shelf simulated in Fig. $9. Thermal expansion, and
perhaps even loss of sea ice[92], could have caused minor transgression of continental seaways
during Deccan eruptions, conceivably allowing more area for shelf deposition of CaCO;. As yet,
however, we are aware of little direct evidence for any such increased CaCO3z; mass accumulation
rates on shelf sections during this time, and so a role for shelf partitioning in muting carbonate
overshoot is still speculative.

Besides biogeochemical feedbacks, there are possible limitations in our modelling approach
that may contribute to data-model mismatch. For example, the limitations in spatial resolution and a
lack of ocean currents in LOSCAR may make it impossible to reproduce the spatially and temporally
heterogeneous patterns of carbonate preservation records. Alternatively, the lack any
parameterisation of organic carbon respiration within sediments in LOSCAR may conceivably render
sediments under-sensitive to dissolution. Finally, seawater chemistry in the Cretaceous, being lower
in borate[93] and sulphate[94] may not be adequately represented in models whose dissolution
kinetics and carbonate buffering calculations are tuned to modern seawater compositions. That said,
changing the dissolution rate constant (Ksyq) and dissolution rate order (Ngy), that translate deepwater
Q to dissolution[55], does little to extend the timespan of dissolution (see Runs 159, 160, Table S1).

We note that changing the strength of the silicate weathering feedback ascribed in LOSCAR
cannot resolve model-data mismatch. A lower silicate weathering feedback strength may extend deep
ocean undersaturation to some degree (as plotted in Fig. $10), but the effect is still not sufficiently
large to match sediment records, and would as a corollary mean that atmospheric pCO, would not be
drawn down to return to pre-eruption temperatures prior to the K-Pg, as proxy data suggest. A higher-
than-modern weathering feedback, consistent with vast expanses of fresh basalt exposed at tropical
latitudes, is more consistent with temperature records.

One final possibility is that the length of the Cretaceous portion of Chron 29r as assigned in
GTS2012[20] (358 kyr), is too long. If our preservation records from Cretaceous C29r were in fact
condensed into ~250 kyr (as in ref. [62]) or even ~150 kyr (as in ref. [95]), the disagreement between
the model and data (in terms of duration of dissolution if not carbonate overshoot) disappears. While
we do not attempt to argue here that these carbonate preservation data are justification for
reassessing the geological timescale, recent absolute age estimates[62,95] do certainly suggest that
there may be some case for a reappraisal.
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Fig. $8: Increasing the CaCOj3:C,q rain rate (blue) for the 140kyr duration of degassing (and linearly
decreasing again over a further 140 Kkyr) results in higher atmospheric CO, concentration (Panel a),
considerably less of a rise in oceanic saturation state (Panels b, c¢) and less of a CCD deepening
(Panel d) than emissions scenarios where CaCOj3:C,q ratios are unchanged (black).
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Fig. 89: Increasing partitioning of CaCO; deposition towards the shelves (from 4.5 x pelagic rain rate
to 6 x pelagic rain rate) reduces deep ocean saturation and thus shoals the CCD, making it a potential
candidate for avoiding carbonate overshoot in the Maastrichtian, and ocean supersaturation in the
early Danian.
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Fig. S10: Altering the strength of silicate weathering feedbacks in LOSCAR (Ng;) will alter the
trajectories of atmospheric pCO, and oceanic calcite saturation state. However, no value for Ng; can
reproduce prolonged dissolution and rapid pCO, drawdown consistent with sedimentary records.
Values for surface (0-100m) and deep (1,000 - 6,500 m) Q are for the average surface and deep
Pacific boxes respectively.
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5d. K-Pg bolide aftermath

After bolide impact and the extinction of most pelagic calcifying species at the K-Pg boundary,
CaCOj; export fluxes to deep ocean sediments were drastically reduced, perhaps by as much as a
factor of four or more[48,96]. Caldeira et al.[97] first predicted using box modelling that such a
reduction in pelagic CaCO; production should have led to increased oceanic carbonate saturation, a
deepening of the lysocline to the seafloor, and CO, drawdown in the early Danian. To explain a lack
of such a signal in sediments, they suggest that higher carbonate ion saturation and nutrient
availability might have promoted CaCOj; production on the continental shelf that compensated for the
loss of pelagic producers. Later, Caldeira and Rampino[98] suggested that a 25% increase in shelf
CaCO0; deposition was sufficient to compensate.

There are a number of reasons for revisiting this problem here. Firstly, our more exhaustive
collation of sedimentary evidence now indicates greatly increased oceanic saturation state at this
time. Besides records of fragmentation shown in Fig. 2 and changes in CCD depth highlighted in the
main text, there are many qualitative indicators for globally increased seawater Q in the Danian. At
DSDP Site 239 in the Indian Ocean, planktic foraminifera are found in the Danian, where in the
Maastrichtian there are none preserved[99]. Smit and Van Kempen[100] cite qualitatively enhanced
preservation in the earliest Danian at DSDP Sites 47.2, 305, and 465 in the Pacific Ocean, and DSDP
Sites 142, 365, and 524 in the Atlantic. In addition, an increase in ocean Q in the Danian is supported
by a predominance of dissolution-susceptible coccoliths[49], enhanced preservation of microfossils at
DSDP Sites 356[49] and 577[26], and high mass accumulation rates of intact minute foraminifera[10]
(in the modern ocean, this small size class are often heavily dissolved within the water column[101]).
These new records allow us to better constrain the true extent of CCD deepening after the K-Pg.

Secondly, LOSCAR is a model of greater complexity and spatial resolution than used
previously, allowing us to better predict and compare CCD depth changes in different ocean basins.
Finally, in previous models[97,98] the ratio of Mg to Ca in the Cretaceous oceans was taken to be
similar to today, which we now know was highly unlikely[102—104]. This has implications not only for
calculation of ocean saturation states in such a model, but also for the calculation of carbonate
speciation, because of the importance of ion pairing in altering speciation constants (K4, K, etc.)[58].
As such, it is important to re-examine the validity of these previous studies according to our most up-
to-date understanding.

Plotted in Fig. 3, we simulate the geologically instantaneous extinction of most pelagic
calcifiers as a step change in the ratio of C,y:CaCOs; (i.e. keeping Coy flux constant but reducing
CaCO; flux by a set percentage). Note that in LOSCAR, pelagic CaCO; export flux is parameterized
as a function of Cqq flux, which in turn is a function of nutrient availability[see 55]]. This assumes that
primary productivity in the oceans was unperturbed (globally, on geological timescales) by the K-Pg
impact event[47,105,106]. However, if widespread collapsed surface-deep 5'°C gradients are not
solely the result of metabolic vital effects[106,107] in early Danian planktic foraminifera, there must
also be some global reduction in Cqqg flux. To approximate this using LOSCAR, we reduce the
efficiency of the biological pump, such that biota are less effective at utilizing the nutrient pool (in the
case of LOSCAR, P being the critical determining nutrient). Both the CaCOj rain reduction and the
export efficiency changes are imposed for a period of 200 kyr, after which they are gradually returned
to pre-event values over the course of a further 200 kyr to represent the gradual evolutionary recovery
of nannofossil taxa.

As is clear from Figs. 3, S5 and S11, even 30 — 50% reduction in the rain ratio produces
pronounced oversaturation of CaCOj; in the world’s oceans. Were pelagic fluxes of CaCO; to have
been reduced by 50%, surface water Qe Would begin to approach a level of supersaturation (Q >
14) whereby spontaneous abiotic precipitation of CaCO3 could begin (Fig. S11). A lack of widespread
abiotic carbonate deposits in the early Danian suggests that these levels of carbonate saturation are
improbable, although we note an increased abundance of carbonate macrocrystals in the earliest
Danian[108] could be evidence for some abiotic precipitation, perhaps in the form of ‘whitings’.
LOSCAR also predicts that a 50%reduction in pelagic CaCOj; flux would have brought Pacific CCD
depths down to ca. 6340 m, though, which is incompatible with a lack of carbonate preserved at IODP
Site U1365 at this time (palaeodepth ca. 4,400)[109]. More compatible, though, is a 30% drop in
CaCOs export, which would lower the Pacific CCD to ~4200: enough to bring the CCD below IODP
U1370 but remain above U1365, consistent with observations[109].

How then might these findings be reconciled with much larger decreases in pelagic CaCO;
mass accumulation observed in some deep sea sites (as much as 90% by some
estimates)[48,96,110,111]? Although reducing the efficiency of the entire biological pump (i.e. the
ability of both Coq and CaCOj3; producers to exploit nutrients), rather than changing C4: CaCOj3 rain
ratio, results in less pronounced oversaturation of the ocean (Fig. 3), this is in part an artefact of the
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architecture of LOSCAR. In LOSCAR, when efficiency of the biological pump is lowered, nutrients
(parameterized as P) accumulate in surface ocean boxes. This has the effect of compensating for
some of the initial loss in productivity, since although the biological pump is less efficient at
‘converting’ nutrients to carbon export, the resulting larger nutrient reservoir dampens this forcing by
promoting productivity. While in some senses this is perhaps a more realistic representation of a
biological system, it is likely that in such a eutrophic system with excess nutrients, ecosystems would
shift from the more ‘k-strategist’ calcareous nannoplankton, to more ‘r-strategist’ Corq producers[89]
such as dinoflagellates: an ecological shift beyond the complexity of geochemical box-modeling. So
while in LOSCAR an equal reduction in both CaCO3; and C,g4 are prescribed when changing the
efficiency of the biological pump, in reality in the ocean such a situation might never arise.

An increase in the export of Coy to the deep ocean following the K-Pg boundary could have
conceivably reduced the extent of CCD deepening following the removal of pelagic carbonate
producers. However, it is difficult to reconcile this with a rise in benthic foraminiferal 5'°C widely
observed after the K-Pg[e.g. 85,106], even if indeed some indicators do suggest at least regional
increases in export productivity[47].
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Fig. $11: Demonstration of the effects of different scenarios for the reduction of CaCOj3:C,q rain rate
at the K-Pg boundary, following extinction of pelagic calcifiers. While a 30% reduction is permissible
with current CCD constraints (see text), reductions of >50% are probably unfeasible. Reducing by
>75%, as changes in deep see carbonate mass accumulation rates might suggest, would produce
deep ocean saturations of >15, and atmospheric pCO, of ~200 ppm. These simulations are clearly
unreasonable and are not shown here. In all simulations, the change in CaCOs5:Cyy rain rate is
imposed for 200 kyr, and then returned to pre-event values gradually over a further 200 kyr.
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As such, in the absence of alternative mechanisms, we echo previous studies[97,98] in
concluding that if typical estimates of CaCO3; mass accumulation rate reduction in the deep sea were
indeed >> 30 %[6 and references within], LOSCAR would require carbon burial in shelf settings to
have increased for the CCD not to have approached the seafloor (see Fig. S9, S11). Intuitively, higher
partitioning of carbonate production toward the shelves seems probable, given the preferential
survival of neritic nannofossil[10,50,112] and foraminiferal[113] taxa during the K-Pg mass extinction.
The outstanding problem with such a mechanism, though, is that empirical estimates of early Danian
sedimentation rates in shelf settings are either the same (Seymour Island, Antarctica[114]) or in fact
lower (New Zealand[115,116], Tethyan sections[117], Northeast Atlantic[118] and Danish basin[105])
than during the Maastrichtian. Therefore a priority if we are to better understand carbon cycling in the
aftermath of the K-Pg bolide impact is to ascertain whether (and where) any rise in shelf deposition
took place, if there is some other mechanism that may have mitigated CCD deepening, or whether
LOSCAR is instead prone in some way to overestimation of deep ocean carbonate saturation.
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